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Abstract
The Massachusetts Military Reservation (MMR) has been a military base on western Cape Cod since the early 1900s. Contaminated surface water and ground water from the MMR have discharged into several kettle lakes on or near the base. To discover whether the prevalences of tumors and other lesions in brown bullhead (Ameiurus nebulosus) in these lakes, particularly Ashumet Pond, were elevated above normal, the U.S. Geological Survey (USGS), assisted by the U.S. Environmental Protection Agency (USEPA) and the Massachusetts Division of Fisheries and Wildlife (MADFW), conducted a study in 2002 of brown bullhead in Ashumet Pond and in two reference lakes, Santuit Pond (on Cape Cod) and Great Herring Pond (on the mainland of Massachusetts). Brown bullhead from Great Herring Pond had few external raised lesions (2.8 percent), a low prevalence of liver neoplasms (5 percent), and little genetic damage to their red blood cell nuclei. Brown bullhead from Ashumet Pond had a high prevalence of raised lesions (62.1 percent), which included histopathologically verified papillomas and squamous carcinoma; an elevated incidence of liver neoplasms (16.7 percent); and an elevated level of genetic damage to their red blood cell nuclei. Because red blood cells in fish have a lifespan of about 100 days, these results indicate an ongoing exposure to genotoxins in Ashumet Pond. Brown bullhead from Santuit Pond also had elevated prevalences of raised lesions (48.3 percent) and liver neoplasms (15 percent), although the prevalences of large and multiple lesions were significantly lower than those in fish from Ashumet Pond. These differences may indicate differing causes of pathology in the two lakes. The high prevalence of melanistic lesions on brown bullhead from Ashumet Pond, combined with the tumor pathology and genetic damage, implicates chemical carcinogens as one of the causal factors in that lake.
Introduction
Many kettle lakes in the glacial sand and gravel deposits of southeastern Massachusetts support populations of brown bullhead (Ameiurus nebulosus). These fish, a species of catfish also known locally as hornpout, feed on the organisms in the bottom sediments of the lakes. Bullhead use barbels, which are whisker-like sensory organs in contact with the sediments, to find their food (Scott and Crossman, 1973) . Because bullhead spend much of their time in contact with the bottom sediments, the development of liver tumors 1 , including hepatic (liver cell) and biliary (bile duct cell) tumors, in these fish has been linked to contaminants, particularly polycyclic aromatic hydrocarbons (PAHs), in the sediments (Baumann and others, 1996; Baumann and Okihiro, 2000) . Although skin tumors, including papillomas and squamous carcinoma, have been initiated in brown bullhead in the laboratory by using PAHs extracted from sediment (Black, 1983) , there are probably multiple causal factors for such external tumors (Baumann and others, 1996) . These tumors have been (and continue to be) used as an indicator of environmental health (Baumann, 1992) .
The Massachusetts Military Reservation (MMR), which has been a multiuse military facility on western Cape Cod ( fig. 1 ) since the early 1900s (Rolbein, 1995; Massachusetts National Guard (MANG), 2008) , is adjacent to several large kettle lakes. Plumes of contaminated ground water from the MMR ( fig. 1 ) discharge to several of these lakes (Savoie and others, 2000; McCobb and others, 2003 ; Air Force Center for Environmental Excellence (AFCEE), 2005, 2007) , and in the past, storm drainage from the runways was directed to adjacent lakes (Hazardous Waste Remedial Actions Program (HAZWRAP), 1986) .
Several studies by the Installation Restoration Program (IRP) at the MMR in the 1990s reported that the prevalence (measured as percentage) of tumors on brown bullhead in two lakes (Ashumet and Johns Ponds, fig. 1 ) near the MMR was elevated relative to the prevalence in several reference lakes. There were concerns that these tumors were related to sources of contamination at the MMR, although cause and effect could not be established (AFCEE, 1997) . In a review of these earlier studies, the Technical Review and Evaluation Team (TRET), a technical advisory group to the IRP, agreed with the finding of an elevated prevalence but noted that the numbers of fish sampled in the studies were small (AFCEE, 2008a) . The TRET recommended that any future examination 1 Terms listed in the glossary at the back of this report are in bold type where first used in the text.
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As a result of the TRET's recommendations, the U.S. Geological Survey (USGS) conducted a study in 2002 of the prevalence of tumors in brown bullhead in Ashumet Pond and two reference lakes, Santuit and Great Herring Ponds ( fig. 1) . The study was done in cooperation with the U.S. Environmental Protection Agency (USEPA) and the Massachusetts Division of Fisheries and Wildlife (MADFW) . The objective of the study was to collect a sufficient number of brown bullhead from each lake to allow a test of the statistical significance of differences in tumor prevalence among the lakes. This study was not designed to address the causes of any elevated tumor frequency (see Discussion section).
This report describes the sampling effort, presents the data on the prevalence and characteristics of the tumors, and discusses the statistical significance of differences in tumor prevalence between Ashumet Pond and the two reference lakes. The report also presents results on the pathology of the tumors, as well as evidence from blood analysis of genetic damage in the brown bullhead. Finally, the results are compared with findings from the earlier studies at the MMR and from investigations of brown bullhead tumors in other lakes and rivers in North America.
Biology of the Brown Bullhead
The brown bullhead ( fig. 2) is the most widely distributed of the native bullhead catfish, found from the Atlantic Ocean to the Gulf Coast watersheds and from eastern Canada to Alabama (Scott and Crossman, 1973) . It is also native to the Great Lakes system, Hudson Bay, and the Mississippi River watershed. The specific epithet "nebulosus" means "clouded," referring to the fish's mottled sides. Brown bullhead can be distinguished from other bullhead by the whitish color at the base of the barbels and the square-tipped or only slightly rounded caudal fin. This species is common to lakes and slowmoving areas of rivers and is tolerant of warm water temperatures, low oxygen levels, and contamination. Like other catfish, brown bullhead are active primarily at night, when their sensory barbels help them locate food in the darkness. They are omnivorous bottom feeders that eat a wide variety of plant and animal material, including aquatic insects and other benthic invertebrates, small fish, and even algae. This feeding regime can result in a high exposure to contaminants in sediment, bottom waters, or invertebrates living in the sediment. 
Geographic and Hydrologic Setting
The study area in southeastern Massachusetts is characterized by extensive sand and gravel deposits from the last ice age (LeBlanc and others, 1986; Oldale and Barlow, 1986; Masterson and others, 1997) . These glacial deposits are pitted with kettle lakes. Direct surface runoff to the lakes is limited because the soils are sandy and precipitation infiltrates the ground rapidly. The lakes are in direct hydraulic contact with the surrounding aquifer, and typically their water budgets are dominated by ground-water inflow and outflow seepage rather than by surface-water inflow and outflow (Masterson and others, 1998; Walter and others, 2002; Walter and Whealan, 2005) .
Ashumet and Santuit Ponds are on Cape Cod and are separated hydraulically from the mainland by the sea-level Cape Cod Canal ( fig. 1 ). Great Herring Pond is on the mainland in the Plymouth-Carver aquifer (Hansen and Lapham, 1990) . The ground-water watersheds of the three lakes have similar land use and vegetation, except that the area north of Ashumet Pond includes the MMR ( fig. 1 ).
Past military activities since the early 1900s at the MMR resulted in contamination of the Cape Cod aquifer (AFCEE, 2007; U.S. Army Environmental Command (USAEC), 2007a). More than a dozen plumes of contaminated ground water emanate from the MMR and extend toward the coast ( fig. 1 ). The plumes contain industrial solvents, fuels and fuel additives, landfill leachate, treated-wastewater effluent, and, in the northern part of the base, explosives and propellants from military ordnance. These plumes are being remediated by the U.S. Department of Defense (AFCEE, 2007; USAEC, 2007b) . Several plumes discharge to lakes and streams adjacent to the reservation (Savoie and others, 2000; AFCEE, 2005 AFCEE, , 2007 , although there is no information about these discharges prior 1986, the year when the IRP's plume investigations began.
Previous Studies of Tumor Prevalence
The earliest known observations of external lesions on brown bullhead on western Cape Cod were made by MADFW field crews in Johns Pond and its outflow, the Quashnet River, in October 1991 and May 1992 (Stephen T. Hurley, MADFW, Southeast Region, unpublished files, December 2007). Concerns that fish populations in Ashumet and Johns Ponds may have been exposed to contaminants from the MMR prompted a series of studies in the early 1990s. The first of these projects, conducted in 1992, noted a high prevalence of external tumors in brown bullhead from both Ashumet Pond (42 percent) and Johns Pond (67 percent) (HAZWRAP, 1995) . In 1993, fish were collected again from Ashumet and Johns Ponds, as well as from Long, Coonamessett, and Grews Ponds in Falmouth (Stegeman, 1997) . Finally, brown bullhead were examined from Ashumet and Johns Ponds, as well as from Long Pond in Brewster and Harwich, in spring 1994 and from these three lakes plus Upper Mill Pond in Brewster in fall 1994 (HAZWRAP, 1996) . The numbers of fish collected for each site and time were relatively small, ranging from 2 to 30, but were sufficient to indicate a potential problem.
Studies in the early 1990s (Stegeman, 1997) reported moderately but significantly elevated 7-ethoxyresorufin-O-deethylase (EROD) and P4501A activity in brown bullhead collected from Ashumet and Johns Ponds compared to brown bullhead collected from Long and Coonamessett Ponds. The EROD and P450 assays are designed to measure the activity of these liver enzymes, which metabolize a variety of organic contaminants. Subsequent examination by other investigators of these enzymes in Cape Cod fish was inconclusive, however, because the measured enzyme activity varied significantly within and among the lakes sampled (AFCEE, 1997) .
Prior to the initiation of the study described in this report, the tumor-prevalence data from the earlier studies near the MMR were combined from all sampling times for each location in order to do statistical testing (AFCEE, 2008b, c) . Numbers of fish with and without external raised lesions from each location were entered in a contingency table (table 1) , and tumor prevalence was examined for independence with a chisquare test. When all the sites were compared separately with each other, tumor prevalence was found to be significantly different among sites (p < 0.001). When the data from Ashumet and Johns Ponds were combined, and data from all of the other lakes were similarly combined as a reference prevalence, Ashumet and Johns Ponds were found to have a significantly higher incidence of external tumors (p < 0.001) (table 1). In combining the data to obtain sufficient sample numbers, seasonal and yearly fluctuations in tumor frequency were not considered. Also, data on fish age were not available. Despite these limitations, the large difference in tumor prevalence (37 percent for Ashumet and Johns Ponds compared to 7 percent for the reference lakes), along with the strong statistical significance, indicated that tumor prevalence in brown bullhead from Ashumet and Johns Ponds was higher than that in the reference lakes. This study was designed to provide data to determine tumor prevalence based on a larger sample size.
Lake Selection and Field and Laboratory Methods
The study included collection and examination of brown bullhead from three lakes to determine the prevalences of tumors and other lesions; histopathology of selected tissue samples to diagnose lesion types, which can provide evidence of lesion causation; and analysis of red blood cell nucleic damage, which can provide evidence of ongoing exposure to genotoxins. A detailed description of these methods is beyond the scope of this report. The reader is referred to Blazer and others (2007) , Rafferty and Grazio (2006) , and the other references at the end of the report for additional information.
Lake Selection and Characteristics
Three lakes were included in this study-Ashumet Pond adjacent to the MMR and two reference lakes, Santuit and Great Herring Ponds ( fig. 1 ). Selected characteristics of the three lakes are given in table 2 and described in MADFW (2008) and AFCEE (1997) . Although it was included in the original design of the study, Johns Pond ( fig. 1 ) was dropped because too few brown bullhead were collected from this lake.
The reference lakes were selected because they are similar to Ashumet and Johns Ponds in several ways. The groundwater contributing areas to the lakes are comparable in size (Masterson and Walter, 2000; John P. Masterson, U.S. Geological Survey, written commun., January 2008) , and all the lakes receive substantial inflow from ground-water seepage, which generally is focused near the lake shore. The land use near the lakes, with the exception of the unique land use on the MMR near Ashumet and Johns Ponds, is similar among the lakes and includes residential areas with onsite septic systems, small cranberry bogs, and undeveloped, forested land. All the lakes are used for recreational motorized boating and fishing, particularly during the summer months. Finally, both Santuit and Great Herring Ponds were known to have large enough populations of brown bullhead to provide an adequate sample size in 2-3 days of collecting, and these lakes were within 10 mi of the MMR to facilitate the field effort.
Ashumet Pond ( fig. 3 ) is a classic ground-water flowthrough kettle lake (McCobb and others, 2003) . The lake has no surface outlet and only a minor surface inlet from an abandoned cranberry bog at its northern end. Two drainage swales from the MMR airfield reach the lake ( fig. 3) These compounds are in PAH combustion mixtures and serve as good markers for the longer chain carcinogens. The detection limit used for these analyses was fairly high (220 µg/kg) and precluded the detection of most of the carcinogenic PAHs, such as benzo(a)pyrene. These compounds commonly occur at lower concentrations than this limit, although benzo(b)fluoranthene, a known carcinogen, was detected at 270 µg/kg. The PAH levels measured in the sediments from Ashumet Pond, however, were substantially lower than the levels measured at USEPA-designated "Area of Concern" sites where livertumor epizootics have been identified (such as the Black and Cuyahoga Rivers in Ohio); at these sites, concentrations of these three compounds were measured at levels of 3,500-109,000 µg/kg (Paul C. Baumann, U.S. Geological Survey, unpublished files, 2007). Several ground-water contaminant plumes from the MMR were known to discharge to Ashumet Pond at the time of this study (2002) . Part of the Chemical Spill 10 plume, which contained trichloroethene (TCE) at concentrations near the lake as high as 1,962 µg/L in 1999, was believed to be discharging to the northwestern part of the lake (AFCEE, 2000) . Similarly, parts of the Ashumet Valley plume, which contained tetrachloroethene (PCE) concentrations as high as 14.6 µg/L in 2002 (AFCEE, 2003) and various contaminants associated with treated municipal wastewater (Walter and others, 1996; McCobb and others, 2003) , also was discharging to the lake. Both TCE and PCE have recently been designated as animal carcinogens and probable human carcinogens by the International Agency for Research on Cancer (IARC, 1997). Concentrations of TCE and PCE are diluted rapidly as ground water mixes with the lake water, and these compounds generally are not detectable in the lake water at the discharge locations (AFCEE, 1999) . Both plumes continue to discharge to the lake, but at increasingly lower concentrations because of ongoing ground-water remediation. No information is available on contaminants that may have discharged to the lake prior to about 1986, when efforts to identify and characterize the plumes began.
Santuit Pond ( fig. 4 ) also is a ground-water flow-through kettle lake. In addition to ground-water inflow and outflow, Santuit Pond has a surface inlet from an active cranberry bog and surface outlets at its southern end to the Santuit and Little Rivers and a small, unnamed bog. Flow to the streams and bogs is controlled for cranberry production. There is no evidence that contamination from the MMR reaches the lake. Santuit Pond is shallower and smaller than the other two lakes in the study (table 2) .
Great Herring Pond ( fig. 5 ) has a surface outlet to the Herring River and a surface inlet at its northern end from a small stream that drains several cranberry bogs and Little Herring Pond. Recreational motorized boating, including the use of personal watercraft vehicles (for example, the Jet Ski), particularly during the summer, is heavier on Great Herring Pond than on the other two lakes in the study (Stephen T. Hurley, MADFW, Southeast Region, unpublished files, December 2007). Contaminants from the MMR cannot reach Great Herring Pond, which is on the mainland side of the Cape Cod Canal.
Field Collection Methods
Brown bullhead were collected with fyke nets and by electrofishing. The fyke nets had D-shaped first hoops with openings of 0.6-0.76 m, mesh with 12-or 25-mm openings when stretched, and leads 9-15 m long. Each afternoon, 6-16 nets were placed near shore with leads attached to posts driven at locations suggested by the MADFW crew on the basis of their knowledge of the lake or in places with habitat known to be favored by bullhead. All nets were fished overnight and sampled by afternoon of the next day. Electrofishing was done by the MADFW with a pulsed direct-current electrofishing boat (Smith-Root, Inc., Model GPP Electrofisher). The sampling dates and numbers of fish caught and examined for each lake are summarized in table 3. Brown bullhead with a minimum length of 250 mm (selected to maximize the number of fish of age 3 and older) were kept for examination. The first 20-24 fish captured were taken as a necropsy subsample and transported from the collection site to a field laboratory in water-filled coolers. The longest transportation time was 30 minutes. Brown bullhead continued to be caught and processed daily until about 60 fish had been collected from each lake. If insufficient time was available to examine all fish that had been caught in a day, the fish were held in cages in the lake where they had been captured until the examination could be finished. 
External Examination, Blood Sampling, and Necropsy
Fish were processed on site at the lake in several steps. The lengths of the fish were measured, raised lesions on the body surface and in the oral cavity ( fig. 6 ) were counted and measured, and the positions of the lesions were recorded. Areas of nonraised melanistic spotting were also recorded. Abnormal barbels were classified into one of three categories: missing, shortened, or knobbed. Open lesions, melanistic patches, and eye abnormalities also were described. Gender was not recorded for fish processed at the lake. All fish not to be subsampled for necropsy were finclipped for identification and released at their collection site.
At the field laboratory, fish from the necropsy subsample were anesthetized with tricaine methane sulfonate (MS-222), measured (total length), and weighed. Mixed arteriovenous blood was drawn from the caudal artery and vein by using the lateral approach described by Schmitt and others (1999) . A heparinized vacutainer tube was used to collect a small amount of blood (less than 0.5 mL). This blood was stored on ice and shipped overnight in ice-containing coolers to the USEPA Ecological Exposure Research Division of the National Exposure Research Laboratory in Cincinnati, Ohio. The blood was then processed within 24 hours through the slide-storage step until later analysis was done by using the Comet assay (Tice, 1995) . Two blood smears were also made immediately on site.
After the blood was sampled, the fish were euthanized by cervical dislocation. Each individual was inspected for grossly observable lesions involving the skin, eyes, and tissues within the oral cavity by following the same procedure used in the field. Visible abnormalities, including the number of each type of barbel abnormality (nasal, maxillary, and chin), were recorded. Raised lesions were counted, and the prevalence was calculated. Fish were then necropsied. An incision was made in the abdomen from the anus to the isthmus, and the viscera were examined for lesions. Any abnormalities or unusual features that were grossly visible were noted, and a subsample was preserved for histopathology. The sex of the fish was determined and recorded. The liver and spleen were excised, examined, and weighed. Any visible lesions were recorded, and the organs were immediately preserved in 10-percent neutral-buffered formalin for histopathology. Pieces about 2 cm in size of the trunk kidney were also removed and placed in formalin for histopathology, as were any gross lesions noted on any other tissues. For brown bullhead from Ashumet Pond, a subsample of barbels and gills was preserved. One pectoral spine was removed whole for later determination of fish age in the laboratory.
Histopathology
Preparation of tissues for histopathology followed standard procedures currently on file at the Fish Health Branch of the USGS Leetown Science Center, Kearneysville, W.V. Tissue sections were processed and stained with hematoxylin and eosin. In addition, all liver, spleen, and kidney sections were stained with Perl's Prussian blue stain, and selected slides were stained with von Kossa and Giemsa stains (Luna, 1992) . Light-microscope observations of bile duct hyperplasia (increased number of bile ducts), altered foci (areas that have altered staining characteristics and are generally accepted as preneoplastic), neoplasia, parasites, granulomas (a specific type of chronic inflammation), multinucleate giant cells (a characteristic of some chronic inflammatory reactions), and thickening of the serosa (lining of the liver) were scored as present or absent. Macrophage aggregate scoring used a severity scale of 0 (none), 1 (mildly scattered), 2 (moderate), and 3 (severe). Tissue slides were archived at the Fish Health Branch.
Age Estimation
Spines were sectioned near the base, and ages were estimated by two experienced technicians. If their independent estimates did not agree, both technicians reexamined the cross sections in question to reach an age estimate by consensus. The overall percent agreement between technicians was 80 percent, which is high for age estimates from spine cross sections. Age estimates that seemed low for the size of the fish were redetermined by using a variable-setting fiber-optic light source, which allowed the use of higher intensity light to look for annuli near the spine edge. Of 12 fish from two sites that were reexamined, the second age estimate agreed with the first for 8 fish. Of the other 4 fish, all from Ashumet Pond, the age was increased by 1 year (2 fish), 2 years (1 fish), and 3 years (1 fish). 
Blood Analysis by Comet Assays
The single-cell gel electrophoresis, also called the "Comet" assay, is a method that measures deoxyribonucleic acid (DNA) damage at the individual cell level by analysis of DNA migration in gel-embedded cells following electrophoresis (Singh and others, 1988). The name "Comet" refers to the formation of a long comet-like tail of DNA fragments as a result of DNA damage ( fig. 7 ). This assay has been used as an indicator of DNA damage in wild fish from sites contaminated with a variety of compounds, including PAHs, polychlorinated biphenyls (PCBs), and heavy metals (Chang and others, 2005; Devaux and others, 1998; Winter and others, 2004; Yang and others, 2006) . Because of funding constraints, blood samples from fish caught only in Ashumet and Great Herring Ponds were analyzed with this method.
The Comet assay was performed as described by Singh and others (1988) and modified by Tice (1995) . To explain briefly, 3 µL of fish blood were diluted with 1 mL of cold mincing solution. Then 10 µL (in duplicate) of the diluted blood were mixed with 75 µL of 0.5-percent low-melting agarose (LMA) at 37°C and pipetted onto a microscope slide precoated with a layer of 1.2-percent normal-melting agarose. The slides were cooled on ice until the agarose layer hardened; then another layer of LMA was added, and the slides were cooled on ice again. Next the slides were placed overnight in cold (about 4°C) lysing solution. This step was followed by placement in alkaline electrophoresis buffer (pH greater than 13) for 15 minutes to allow for unwinding of the DNA. Electrophoresis was then run for 10 minutes (25 V, 265 mA) at room temperature. After electrophoresis, the slides were neutralized, fixed by immersion in cold methanol, air-dried, and stored at room temperature.
The slides were stained with ethidium bromide and were scored on a fluorescent microscope at 400X magnification by using Comet image-analysis software (Komet 4.0, Kinetic Imaging, Liverpool, United Kingdom). The Comet parameters that were analyzed for each cell included the length of DNA migration (tail length, in micrometers), the percentage of migrated DNA (percentage of DNA in the tail relative to total DNA in the image), and the tail-extent moment (calculated as the tail length multiplied by the percentage of DNA in the tail). Fifty cells per slide and a total of 100 cells per fish were analyzed to evaluate the extent of DNA damage for each fish.
Statistical Methods
Tukey's studentized range test was used to compare fish length and hepatosomatic index (HSI) among fish from the different lakes. The chi-square test, or Fisher's exact test when sample-size conditions of the chi-square test were not met, was used to compare the prevalences of lesions and barbel abnormalities among fish caught in different locations. For the Comet assay, statistical analyses were performed by using SAS version 8.1 software (SAS Institute, Inc., Cary, N.C.). The general linear model (GLM) included the variables sampling site (contaminated versus reference), fish gender (female versus male), and length (as a measure of age). This method of analysis was used to detect whether the extent of DNA damage measured by the Comet assay (tail length, percent tail DNA, tail-extent moment) was affected by these variables. Logistic regression models were developed to examine the relationship between the probability of lesion or deformity occurrence and DNA damage measured by the Comet assay. 
Prevalence of Tumors in Brown Bullhead
The prevalence of tumors was determined from the examination of 187 brown bullhead collected in spring 2002 from Ashumet, Santuit, and Great Herring Ponds (table 3) . Selected data from the field examination of the fish are reported in appendix 1. The combination of fyke nets and electrofishing resulted in complete or nearly complete samples from the three lakes. The histopathology of the skin, body tumors, and liver tissue and the genetic damage to red blood cells were determined from subsamples collected from the 64 necropsied brown bullhead from the lakes. Selected data from the laboratory examination of the necropsied fish are reported in appendix 2.
Size and Age Distributions
The distributions of brown bullhead lengths differed among the three lakes. Brown bullhead from Ashumet Pond were largest in average size (379 mm), and those from Santuit Pond were significantly (α = 0.05, Tukey's studentized range test) shorter (286 mm) than fish from either Great Herring Pond (336 mm) or Ashumet Pond (appendix 1). The size difference between the brown bullhead specimens from Santuit and Ashumet Ponds was great enough that the range overlapped for only 3 fish (1 from Santuit Pond and 2 from Ashumet Pond) of the 117 fish sampled. Fish from Great Herring Pond were closer in size to fish from Ashumet Pond but were still significantly smaller (α = 0.05, Tukey's studentized range test).
Ages were obtained only for the fish that were necropsied (appendix 2). Brown bullhead from Ashumet Pond were older on average than those from either of the other lakes. One-third of the fish from Ashumet Pond were age 7 or older, whereas only one-fifth or fewer of brown bullhead from the other lakes reached that age. The ages of insufficient numbers of fish were obtained to permit determination of age-specific lesion frequencies. Also, only spines were used for aging, and these have recently been shown to underestimate the true age of fish, particularly at year 5 and older (Maceina and Sammons, 2006) .
Prevalence of External Raised Lesions
The prevalences of body-surface, oral, and total external raised lesions, presumed by field observation to be tumors, were dependent on location (chi-square test, p < 0.0001) (table 4). Fish from Ashumet Pond had the highest prevalence, and fish from Great Herring Pond had the lowest prevalence. Fish from Great Herring Pond had a prevalence of total external raised lesions that was less than 3 percent (table 4). Prevalences of oral and body-surface lesions in brown bullhead from Santuit Pond were each about one-half of that in brown bullhead from Ashumet Pond, although the prevalences of total external lesions in the two lakes were similar. The prevalence of large, raised lesions also differed between Ashumet and Santuit Pond fish ( fig. 8) . A greater percentage of fish had large (greater than 6 mm) oral and body-surface lesions in Ashumet Pond. If medium and large oral lesions were grouped (all lesions 3 mm or larger), they were observed on 33.8 percent of brown bullhead from Santuit Pond but on 56.9 percent of brown bullhead from Ashumet Pond. Similarly, medium and large body-surface lesions (3 mm or larger) were observed on 22.1 percent of Santuit Pond fish but on 70.6 percent of Ashumet Pond fish.
The percentage of fish having single and multiple lesions also differed by location. The prevalence of single external lesions was significantly different on fish from the three lakes (chi-square test, p = 0.0443), although the prevalence of single lesions was similar for fish from Santuit and Ashumet Ponds; fish from Great Herring Pond had a significantly lower prevalence of single lesions than did the fish from the other two lakes. The occurrence of multiple lesions also was significantly different on fish from the three lakes (chi-square test, p < 0.0001) ( fig. 9 ). Multiple lesions were observed almost twice as often on fish from Ashumet Pond as on fish from Santuit Pond and were not found on any fish from Great Herring Pond. Similarly, melanistic patches-abnormally darkened, but not raised, areas of skin-were absent on fish from Santuit Pond but were observed on almost 70 percent of the fish from Ashumet Pond ( fig. 9 ). Melanistic patches on brown bullhead from Great Herring Pond had less than 10 percent prevalence, significantly lower than on fish in Ashumet Pond (chi-square test, p < 0.0001). 
Prevalence of Barbel Deformities
Fish from Santuit Pond had the highest prevalence of missing barbels, whereas fish from Ashumet Pond had the lowest prevalence (table 5) . This difference was significant at the p < 0.05 level (chi-square test, p = 0.0378). The frequency of shortened barbels was similar among fish from the three lakes. Whereas fish from Ashumet Pond had at least twice the prevalence of knobbed barbels as fish from the other lakes, the prevalences were not significantly different (chi-square test, p = 0.0496). A comparison of total barbel lesions on fish from the three lakes did not indicate any significant differences (chi-square test, p = 0.1843).
Histopathology of External Lesions
Of the 24 necropsied fish collected from Ashumet Pond, 10 fish were reported by gross observation to have raised body-surface lesions. Samples of lesions from six of the fish were submitted for histopathology. One lesion was a nonneoplastic (hyperplastic) lesion of epidermal thickening ( fig. 10A ), two were squamous cell carcinomas, and three were papillomas ( fig. 10B) . Thirteen of the necropsied fish were reported by gross observation to have raised lesions in the oral cavity. Pieces of eight of these lesions were taken for histopathology. Three of the eight lesions were papillomas, and five were squamous cell carcinomas ( fig. 10C ). Thus, of the 14 lesions collected from fish from Ashumet Pond (diagnosed by gross observation as tumors) and fixed for histopathology, 13 lesions (or 93 percent) were verified as neoplasia.
At Santuit Pond, 8 of the 20 necropsied fish were reported by gross observation to have raised body-surface or oral tumors; two samples were submitted for histopathology. Both were diagnosed as papillomas. At Great Herring Pond, two fish were reported to have raised lesions; however, samples were not taken from either fish. Ashumet Pond but was not observed in fish from the other two lakes. Macrophage aggregates and parasites were observed in fish from all the lakes. The number of macrophage aggregates in the liver, spleen, and kidney did not vary consistently among sites. Heavy infections of immature cestodes were found in almost all fish. Often these parasites were associated with an intense inflammatory response and multinucleate giant cells ( fig. 10F ). Bile duct myxozoans were found in some fish at every site (37.5 percent at Ashumet Pond, 25 percent at Santuit Pond, and 20 percent at Great Herring Pond) and may be related to bile duct proliferation.
Hepatosomatic Index
A variety of investigators have noted a positive correlation between exposure to PAHs and the ratio of the liver weight to body weight (hepatosomatic index, or HSI) in fish (Fabacher and Baumann, 1985; Pinkney and others, 2001) . The relationship has been most striking at very high levels of PAH contamination, however, and is less obvious for intermediate levels of contamination (such as in Ashumet Pond), where other factors affecting liver size (such as nutrition, disease, and seasonal vitellogenin synthesis) may play a more dominant role (Yang and Baumann, 2006) . The HSI was significantly greater for fish from Ashumet Pond than for fish from Great Herring and Santuit Ponds (α = 0.05, Tukey's studentized range test); the indexes for fish from the latter two lakes had similar HSI values (table 7) . The range of values from these sites also indicates that the brown bullhead population in Ashumet Pond had a higher proportionate liver mass (table 7) .
DNA Damage in Red Blood Cells
The Comet assay parameters-tail length, percentage of tail DNA, and tail-extent moment-did not differ significantly with fish length (GLM, p > 0.05). Although female and male fish from Ashumet and Great Herring Ponds differed in the percentage of tail DNA (GLM, p < 0.05), they did not differ in tail length and tail-extent moment (GLM, p > 0.10). Therefore, the age (with length as a surrogate) and gender of fish did not seem to exert a major effect on the Comet assay results. All three of the measurements of DNA damage were significantly greater in fish from Ashumet Pond than in fish from Great Herring Pond (GLM, p < 0.05) (table 8). For fish from the two ponds, logistic regression analysis demonstrated that the tail length measured in the Comet assay was positively related to the odds ratio of fish having external raised lesions (ln[P(x)/(1-P(x))] = -10.75 + 0.2322 × tail length, Wald's test, p < 0.05). Barbels from fish taken from Ashumet Pond contained metacercariae of digenetic trematodes along and within the nerve bundles ( fig. 10D ). These organisms were associated with hemorrhage and inflammation within the dermis and along and within the nerve fibers. Papillomas, squamous cell carcinomas, and dysplasia of the pseudocartilage were also observed in the barbels.
Histopathology of the Liver, Spleen, and Kidney
Regeneration of liver cells, altered cell foci, and neoplasia were all found more often in brown bullhead from Ashumet Pond than from the other two lakes (table 6). Most of the neoplasms were of bile duct origin-cholangioma (benign) or cholangiocarcinoma (malignant) (fig. 10E ). One fish collected from Ashumet Pond had a malignant hepatic cell carcinoma, and one fish collected from Santuit Pond had a benign hepatic cell adenoma. Vacuolation of the intrahepatic exocrine pancreas was observed in 25 percent of the fish from 
Discussion
External raised lesions were significantly more common in brown bullhead from Ashumet and Santuit Ponds than in brown bullhead from Great Herring Pond (table 4) . Ashumet Pond was the primary target site because previous fish surveys had found an unusually high prevalence of raised lesions on brown bullhead captured there (HAZWRAP, 1995 (HAZWRAP, , 1996 Stegeman, 1997) . Great Herring and Santuit Ponds were sampled as reference sites; therefore, the elevated prevalence of raised lesions at Santuit Pond was unexpected. Comparison with the prevalence of raised lesions recorded in fish from Great Lakes locations ( fig. 11) indicates that fish from both Ashumet and Santuit Ponds are at the high end of the range of raised-lesion prevalence seen in fish from contaminated locations, with prevalences close to the levels of occurrence documented in fish collected in Hamilton Harbour, Ontario, Canada (Smith and others, 1989) in the mid-1980s and in Presque Isle Bay, Penn. (Obert, 1994) in the early 1990s. Similarly, brown bullhead from Great Herring Pond mimic the raised-lesion prevalence between 2 and 4 percent seen in fish from Great Lakes reference locations ( fig. 11 ). Of the 16 external raised lesions submitted for histopathology from Ashumet and Santuit Ponds fish, 15 (or 94 percent) were diagnosed as neoplasms. This result provides a level of confidence for the comparison in figure 11 .
Fish age is correlated with the prevalences of both internal tumors (Baumann and others, 1990; Pinkney and others, 2004) and external raised lesions (Maccubbin and Ersing, 1991; Pinkney and others, 2004) . Thus, tumor prevalences are best compared among fish of the same or similar age groups. The estimated ages of some fish from both Ashumet Pond and Great Herring Pond were only 3 or 4 years, despite the fact that the fish were very large. These data may indicate that the age was underestimated, as compression and loss of annuli are a well-documented problem in determining the ages of older fish by examination of spines. Future studies should collect otoliths as well as spines for aging. Nevertheless, the order-ofmagnitude difference in the prevalence of raised lesions and the levels of significance achieved because of the numbers of fish examined in this study leave no doubt that external raised lesions are much more common in brown bullhead from both Ashumet and Santuit Ponds than would be expected. The prevalences of shortened and knobbed barbels were not significantly different in fish collected from the three lakes. Fish from Santuit Pond had the highest occurrence of missing barbels; of the three barbel anomalies, however, this abnormality is the least connected with chemical exposure and often results from physical stress. Therefore, barbel deformities were not useful in characterizing potential contaminant exposure among fish in these lakes.
The histopathology of the liver, although done by using a small number of fish from each location (N = 20 to 24), showed a prevalence of neoplasms (mainly of bile duct origin) 15 percent or higher for both Ashumet and Santuit Ponds. This prevalence is comparable to prevalences measured in fish from a number of Great Lakes Areas of Concern with contaminantrelated tumor epizootics and is greater than the 5-percent prevalence level thought to indicate a reference condition (Baumann and others, 1996) . Because the only known cause of liver tumors in fish is chemical carcinogens, these data, combined with the external-tumor data, indicate a role for carcinogenic contaminants in the tumor pathology of brown bullhead in Ashumet and Santuit Ponds.
The Comet assay was used to quantify genetic damage and provide an index of exposure to tumor-inducing chemicals in the brown bullhead population. This method can be used with any age class of fish and provides a measure of genetic damage at the time of animal capture. Logistic regression indicated that higher DNA damage measured by the Comet assay was associated with higher prevalence of external lesions. The results also indicated that DNA damage was greater in brown bullhead from Ashumet Pond than in bullhead from Great Herring Pond (table 8) . The data from the present study, along with a previous analysis of brown bullhead collected at four other locations (tributaries to Lake Erie), indicate that DNA damage does not differ significantly with fish length (Yang and others, 2006) . This observation indicates that the greater DNA damage observed in brown bullhead from Ashumet Pond than in bullhead from Great Herring Pond is not confounded by differences in the ages of fish collected at the two locations. These results imply that fish from Ashumet Pond may have been exposed to higher levels of genotoxins than have fish from Great Herring Pond. Several studies employing the Comet assay have examined the relation between the extent of induced DNA damage and the time elapsed after the treatment of fish with genotoxic chemicals. Pandrangi and others (1995) reported increased damage to erythrocytes (red blood cells) from brown bullhead within 6 hours following a single intraperitoneal injection of cyclophosphamide; the response peaked at 48-72 hours. Belpaeme and others (1998) observed increased DNA damage to erythrocytes in marine flatfish (turbot) (Psetta maximus) exposed by static renewal to ethyl methane sulfonate (EMS) in water; the response in several tissues was higher after 7 days of exposure than after 3 days of exposure. Belpaeme and others (1998) also reported an increasing response with increasing exposure for brown trout (Salmo trutta fario) for up to 14 days after static renewal to EMS in water. These studies show that the Comet assay provides a relatively rapid indicator of exposure. Although there are no known long-term studies of the persistence of DNA damage in fish erythrocytes, these results and the fact that the lifespan of erythrocytes is probably only about 100 days (based on erythrocyte kinetics in other fish species) suggest that there is ongoing exposure of the brown bullhead in Ashumet Pond to genotoxic substances.
Although causation was not investigated during this study, some discussion is warranted, particularly because causation remains elusive without further research. External tumors are known to have a viral etiology in several species of fish, including white sucker (Catostomus Commersonii) (Baumann and Okihiro, 2000) , but experimentation to date has not demonstrated a viral etiology in brown bullhead. Painting of brown bullhead with sediment extract containing PAHs from the Buffalo River, N.Y., produced skin tumors at a 38-percent prevalence after 2 years (Black and others, 1985) . Similarly, epizootics of neoplasia in wild fish have been associated with contaminants (primarily PAHs) in freshwater, marine, and estuarine habitats in more than 20 locations in North America alone (Baumann, 1998) . Even tumors having a partial viral etiology, such as papillomas on white suckers, have been more prevalent in populations from contaminated areas (Smith and others, 1989; Premdas and others, 1995) . This observation indicates that tumor viruses may be activated at times of immune system dysfunction or inhibition caused by carcinogenic or immune-system suppressing compounds (Anders and Yoshimizu, 1994) . Etiologies of such tumors would therefore be multifactoral (Premdas and Metcalfe, 1996) . Similarly, parasite infections could cause tissue damage and thereby stimulate cell replication and increase the chances of tumor progression.
For Ashumet Pond, both the known PAH concentrations in sediment and PCE and TCE levels in water are far below concentrations known to induce tumors or tumor epizootics. It must be noted, however, that few studies using PCE and TCE have been conducted on fish. One study, involving ground water contaminated primarily with TCE (Gardner and others, 1998), found the ground water to be a tumor promoter but not a tumor initiator, although reagent-grade TCE did not have any tumor promoter effects. Gardner and others (1998) concluded that, although chemical analysis of the ground water found TCE to be the only reportable contaminant, other compounds below reportable limits may have had a synergistic effect on tumor promotion. Different mixes of chemical compounds can cause different suites of pathology (Yang and others, 2002) .
The population pathology profiles differed for brown bullhead from Ashumet and Santuit Ponds. Large oral and medium body-surface lesions were more than twice as common, and large raised lesions on the body were more than four times as common, in Ashumet Pond fish than in Santuit Pond fish. These differences could be caused by the apparent younger age distribution of the Santuit Pond fish, or they also could be caused by differences in exposure to contaminant mixtures. The HSI for Ashumet Pond fish was greater than that for Santuit Pond fish. Similarly, dark skin patches were observed on almost two-thirds of the fish from Ashumet Pond, while none were seen on fish from Santuit Pond. Such melanistic patches have been associated with fish exposed to PAHs (Black, 1983; Black and others, 1985; Maccubbin and Ersing, 1991) .
The high prevalence of melanistic lesions on Ashumet Pond brown bullhead, combined with the tumor pathology and genetic damage, implicates chemical carcinogens as one of the causal factors in that lake. Because many of the brown bullhead were very large and ages may have been underestimated, chemical exposure contributing to the pathology may have occurred as long ago as the early 1990s. Although there is no direct evidence of a link to contaminants from the MMR, remedial actions begun in the early 1990s have reduced and will continue to reduce the discharge of contaminants from the drainage system and ground-water plumes to Ashumet and Johns Ponds. The current (2008) brown bullhead population probably consists mostly of new individuals born since the 2002 sampling and the beginning of remediation efforts.
For these reasons, future studies could repeat the prevalence work at Ashumet and Santuit Ponds and at least one other reference lake to determine whether the pathology patterns have changed. The work could include, for at least 50 fish per lake, (1) measurement of length and weight, (2) recording of external lesions and preservation of samples (including all skin, oral, and barbel abnormalities) for histopathology, (3) determination of sex, (4) determination of age from analysis of otoliths and scales, and (5) preservation of liver samples for histopathology. In addition, for at least 20 fish per lake, the analysis could include (1) collection of bile for determination of PAH metabolites, (2) collection of samples from the kidneys and spleen for determination of macrophage aggregates, (3) preservation of liver samples for DNA adduct analysis, and (4) collection of blood samples from a subset of younger (1-2 years) and older (greater than 3 years) fish for Comet assays.
Additional studies could be conducted on the factors that may influence the elevated prevalence of neoplasms in brown bullhead from Ashumet and Santuit Ponds on the basis of the assumption that the causal factors may differ between the two lakes. These studies could include (1) environmental sampling of contaminants of concern in the lake water and sediments, (2) cage studies in Ashumet Pond to test the pathological response of brown bullhead collected from a reference lake to exposure for 6-8 weeks to Ashumet Pond water and sediment, and (3) laboratory studies to examine possible synergistic effects of the combined exposure of brown bullhead to PAHs and volatile organic compounds.
Summary
Brown bullhead were sampled and examined for pathology from three lakes in southeastern Massachusetts-Ashumet, Santuit, and Great Herring Ponds. Fish from Great Herring Pond had low levels of raised lesions and low levels of genetic damage to red blood cell nuclei. Brown bullhead from Ashumet Pond, which has been subjected to contamination from the Massachusetts Military Reservation, had a high prevalence of raised lesions, which included histopathologically verified papillomas and squamous cell carcinoma, an elevated incidence of liver neoplasms, and an elevated level of genetic damage to red blood cell nuclei. Because red blood cells in fish have a lifespan of about 100 days, these results indicate an ongoing exposure to genotoxins in Ashumet Pond. Brown bullhead from Santuit Pond also had elevated prevalences of raised lesions and liver neoplasms, although the prevalences of large and multiple lesions were significantly lower than that in Ashumet Pond fish. These differences, along with additional differences in internal pathology, may point to differing causes of the raised lesions in the two lakes. The high prevalence of melanistic lesions on Ashumet Pond brown bullhead, combined with the tumor pathology and genetic damage, implicates chemical carcinogens as one of the causal factors in that lake. Because many of the brown bullhead were large and ages may have been underestimated, chemical exposure contributing to the pathology may have occurred as long ago as the early 1990s. An additional prevalence survey would help to clarify whether the causal factors are still active. pathology The study and diagnosis of disease through the examination of organs, tissues, bodily fluids, and whole bodies. R reference lake A lake believed to be "unpolluted" by the contaminants of concern that serves as an "uncontaminated" background site for comparison to the lake of interest. 
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